A technoeconomic study is conducted to assess the feasibility of integrating geothermal energy into a biorefinery for biofuel production. The biorefinery is based on a thermochemical platform that converts lowvalue lignocellulosic biomass into biofuels via gasification and fuel reforming. Geothermal energy is utilized in the refinery to generate process steam for gasification and steam-methane reforming in addition to providing excess electricity via the organic Rankine cycle. A process simulation model is developed to simulate the operation of the proposed biorefinery, and corresponding economic analysis tools are utilized to predict the product value. The biorefinery uses 2000 metric tons of corn stover per day, and the products include gasoline, diesel fuel, hydrogen, and electricity. Implementation of geothermal energy into the proposed biorefinery is analyzed through two studies. In the first study, process steam at 150 °C with a flow rate of approximately 16 kg/s is assumed to be generated through a heat exchanger process by utilizing the heat from geothermal resources, producing a geothermal liquid at 180 °C and a total flow rate of 105 kg/s which is used to provide steam for gasification and steam-methane reforming within the biorefinery. In the second study, additional geothermal capacity of 204 kg/s is assumed to be available and is separated into two phases (liquid and steam) via a flash column. The steam produced is utilized in the same manner as the initial study while the geothermal liquid is used for electricity production via the organic Rankine cycle to add to the profitability of the biorefinery. This analysis considers that the technology is feasible in the near future with a high scope of technology development and the end products are compatible with the present fuel infrastructure. The total capital investment, operating costs, and total product values are calculated considering an operating duration of 20 years for the plant, and the data are reported based on the 2012 cost year. Simulation results show that the price of the fuel obtained from the present biorefinery utilizing geothermal energy ranges from $5.17 to $5.48 per gallon gasoline equivalent, which is comparable to $5.14 using the purchased steam. One important incentive for using geothermal energy in the present scenario is the reduction of greenhouse gas emissions resulting from the combustion of fossil fuels used to generate the purchased steam. Geothermal energy is an important renewable energy resource, and this study provides a unique way of integrating geothermal energy into a biorefinery to produce biofuels in an environmentally friendly manner. ABSTRACT: A technoeconomic study is conducted to assess the feasibility of integrating geothermal energy into a biorefinery for biofuel production. The biorefinery is based on a thermochemical platform that converts low-value lignocellulosic biomass into biofuels via gasification and fuel reforming. Geothermal energy is utilized in the refinery to generate process steam for gasification and steam-methane reforming in addition to providing excess electricity via the organic Rankine cycle. A process simulation model is developed to simulate the operation of the proposed biorefinery, and corresponding economic analysis tools are utilized to predict the product value. The biorefinery uses 2000 metric tons of corn stover per day, and the products include gasoline, diesel fuel, hydrogen, and electricity. Implementation of geothermal energy into the proposed biorefinery is analyzed through two studies. In the first study, process steam at 150°C with a flow rate of approximately 16 kg/s is assumed to be generated through a heat exchanger process by utilizing the heat from geothermal resources, producing a geothermal liquid at 180°C and a total flow rate of 105 kg/s which is used to provide steam for gasification and steam-methane reforming within the biorefinery. In the second study, additional geothermal capacity of 204 kg/s is assumed to be available and is separated into two phases (liquid and steam) via a flash column. The steam produced is utilized in the same manner as the initial study while the geothermal liquid is used for electricity production via the organic Rankine cycle to add to the profitability of the biorefinery. This analysis considers that the technology is feasible in the near future with a high scope of technology development and the end products are compatible with the present fuel infrastructure. The total capital investment, operating costs, and total product values are calculated considering an operating duration of 20 years for the plant, and the data are reported based on the 2012 cost year. Simulation results show that the price of the fuel obtained from the present biorefinery utilizing geothermal energy ranges from $5.17 to $5.48 per gallon gasoline equivalent, which is comparable to $5.14 using the purchased steam. One important incentive for using geothermal energy in the present scenario is the reduction of greenhouse gas emissions resulting from the combustion of fossil fuels used to generate the purchased steam. Geothermal energy is an important renewable energy resource, and this study provides a unique way of integrating geothermal energy into a biorefinery to produce biofuels in an environmentally friendly manner.
INTRODUCTION
Biomass is a renewable energy source and has the potential to supply a large amount of energy with less environmental impact than fossil fuels. The use of biomass as an energy source has increased in recent years and has the advantage of reducing overall carbon emissions. 1 Biomass can be converted to commercial products via biological or thermochemical processes. 2−4 While mature technologies exist for biological conversion of biomass to transportation fuels (e.g., corn ethanol and soy biodiesel), the biological conversion of low-value lignocellulosic, nonfood biomass still faces technological and economic challenges. 2 On the other hand, combustion, pyrolysis, and gasification are the three main thermochemical conversion methods that are of current interest in converting nonfood biomass to heat, power, and/or fuels. Traditionally, biomass is burned to supply heat and power in the processing and power industries. The net efficiency for electricity generation from biomass combustion ranges from 20% to 40%. 3 Pyrolysis converts biomass to bio-oil, syngas, and biochar in the absence of oxygen. At the present time, research in the downstream processing of bio-oil is progressing. 5−7 Gasification converts biomass, through partial oxidation, to a gaseous mixture with small quantities of biochar and condensable compounds. Thermochemical gasification is a promising technology that is less restricted to the type of biomass. Gasification takes place at moderately high temperature and turns solid biomass into low to medium heating value combustible gas mixture (known as synthesis gas or syngas) through simultaneous occurrence of exothermic oxidation and endothermic pyrolysis under limited oxygen supply. 8 Syngas derived from biomass gasification can be burned to generate heat and power or synthesized to produce liquid fuels.
In addition to bioenergy, geothermal energy is also considered a renewable alternative to fossil energy. Geothermal energy is a thermal energy contained in the crustal rocks and the fluids filling these rocks. It is provided by conduction and convection of heat from the mantle and the radioactive decay of the minerals in the crust. 9 Geothermal energy can be used in various ways, including (1) direct use for space heating or food processing, (2) heat pumps utilizing the constant year-round temperature at a certain depth underground, and (3) electricity production utilizing dry steam, flash, or binary-cycle power plants. Each geological region has its own geothermal conditions. Various methods to utilize geothermal energy are being employed depending on the available resources and existing demands, e.g., geothermal power plants in volcanic areas or geothermal heat pumps in cold weather regions. For regions with abundant agricultural products, it can be of great interest to combine both biomass and geothermal energy.
Historically, the most common way of capturing geothermal energy was to tap into the naturally occurring hydrothermal convective systems where cooler water enters into the Earth's crust, is heated, and then rises to the surface. The magnitude of geothermal reserves and their temperature as a function of depth and geographic locations were evaluated. 10 Moderatetemperature liquid-dominated systems, with temperatures below 130°C, account for approximately 70% of the world's economically accessible geothermal energy potential. 10 Binary power cycle technology allows the generation of electricity from low-temperature resources and makes geothermal power production feasible even for regions lacking high enthalpy or exergy resources at shallow depth. For binary-cycle power plants, two different systems are currently the state-of-the-art, the organic Rankine cycle (ORC) and Kalina cycle. The binarycycle power plants have the least environmental impact due to the confinement of the geofluid. 11 In a binary-cycle power plant, the heat of the geothermal water is transferred to a secondary working fluid, usually an organic fluid that has a low boiling point when compared to water. The cooled geothermal water is then returned to the subsurface by the reinjection well to recharge the reservoir.
The above binary geothermal plant has virtually no emissions to the atmosphere except the possible loss of working fluid and water vapor from the cooling towers in the case of wet cooling. 11 Thus, environmental problems that may be associated with the exploitation of high-temperature geothermal resources are avoided. Another advantage of the binary power cycle technology is that the geothermal fluids do not come in contact with the moving mechanical components (e.g., turbine), assuring a longer life for the equipment. ORC power plants have allowed the exploitation of a large number of fields that would have been thermodynamically or economically unfeasible using other energy conversion technologies.
The focus of this paper is to study the feasibility of producing liquid transportation fuels with electricity as a byproduct via biomass gasification using the available technology within the next decade. In this paper, methods of utilizing geothermal energy in a biorefinery and the corresponding economic impacts are presented. In a traditional biorefinery, heat and steam are generated by the combustion of fossil fuels and are required for various processes. By using geothermal energy in the biorefinery, the demand for fossil fuels is reduced, thus reducing the overall greenhouse gas emissions. In addition, excess geothermal energy can be used for electricity generation using ORC. The integration potential of geothermal energy in the biorefinery based on gasification is investigated. Such integration provides a new way of combining two renewable energy technologies to produce renewable fuels.
BIOREFINERY MODEL
A computer model based on Aspen Plus is created to simulate a biorefinery based on corn stover gasification and to study the feasibility of using geothermal energy resources in the biorefinery. The feedstock is purchased at $82.5 per tonne (i.e., metric ton, or 2200 lb). 12 In the model, corn stover is first pretreated where it is dried from 25% to 8% moisture level and then ground to small pellets for gasification. It is then sent for gasification in a fluidized bed gasifier. The syngas out of the gasifier contains impurities, and hence it is routed for cleanup. The next step is the catalytic synthesis of syngas to produce a mixture of hydrocarbons which are further refined to produce transportation fuels. The unconverted syngas and biochar are combusted and used for heat or power generation.
The following steps are taken in performing this study.
(1) Using the criteria described in the next section, Scenario Selection, a gasification scenario is selected for detailed analysis. (2) A process model for this scenario is developed using Aspen Plus. (3) Equipment lists are generated and unit costs are evaluated using literature sources and Aspen Icarus Process Evaluator. (4) Capital investments are estimated, and the fuel product value (PV) at zero net present value and 10% internal rate of return (after tax) is determined for the nth plant. (5) The analysis for the pioneer plant is conducted to estimate the capital investment and product value for the first plant of its kind.
2.1. Scenario Selection. A fluidized bed gasifier is considered in this study. Advantages of fluidized bed gasification include simple construction and operation, lower capital cost, high heat transfer rates within the bed, uniform temperature distribution, and better gas−solid contact. 13 The proposed gasification biorefinery is chosen considering that (1) the technology is feasible in the next decade and there is a high scope of technology development, (2) the size of the biorefinery is probable with the current agricultural input, and (3) the end products are compatible with the existing fuel infrastructure, i.e., gasoline and diesel fuel.
There are uncertainties in commercial readiness for hot gas cleaning, e.g., catalytic tar cracking. Thus, cold gas cleaning (i.e., direct quench water scrubbing) is chosen in this study. Fischer−Tropsch (FT) catalytic synthesis is chosen for fuel production because it is a relatively mature technology. 14 Gasoline and diesel fuel, being supported by the FT synthesis, are the main products of the biorefinery. The plant size is chosen to be 2000 tonnes per day of feedstock, based on previous studies. 15, 16 This feed rate is also consistent with the feasible agricultural residue outputs in the Midwest region of the U.S. at the assumed feedstock delivery price. gasification after the separation of nitrogen from air. From previous studies, it is assumed that the plant is available at 85% capacity (7446 h per year). 12 This assumption is feasible for the nth plant. The nth plant is defined as the plant based on the same technologies that have been implemented in the previous plants. In this study, geothermal energy is used for steam production and electricity generation. The schematic of the geothermal resource usage is shown in Figure 6 . The addition of a geothermal facility in the biorefinery does not affect the construction of the biorefinery facility. The detailed process flow diagram for the entire process is shown in Figure  2 .
2.3. Preprocessing. The raw biomass is processed to 6-mm pellets, and the moisture level is reduced from 25% to 8%. The size reduction procedure includes both the primary and secondary reduction steps, and correlations are used to calculate the power required for the particle size reduction. 17 The performance of a gasifier depends on the size and moisture of the feedstock. Pellet size of 6 mm and moisture content of 8% are appropriate for gasification.
Gasification.
A fluidized bed gasifier is used in this study. Gasification using air produces a low heating value syngas (lower heating value of 4−7 MJ/Nm 3 ) that is only suitable for heat and power generation. 18−20 On the other hand, steam and oxygen can increase the lower heating value of syngas to 10−14 MJ/Nm 3 as well as raise the concentration of main gas constituents of H 2 and CO that are suitable for liquid fuel production through the FT synthesis. 13, 21 The fluidized bed gasifier operates under pressurized conditions using steam and 95% pure oxygen. On the basis of the present biomass feed rate, 352 tonne/day of steam at 150°C and 540 tonne/day of oxygen are required. The system also includes lockhoppers to pressurize the biomass. A lockhopper system is the most appropriate system for pressurized biomass feeding despite the high cost due to the use of inert gas. 22 Carbon dioxide is used as the pressurization gas to avoid the dilution of nitrogen in the downstream equipment. Carbon dioxide is obtained from the downstream acid gas removal area. The gasifier operates at a pressure of 28 bar and 870°C. The mass ratio of oxygen to biomass entering the gasifier is 0.26. Furthermore, steam addition to the gasifier is set at 0.17 mass ratio of steam to biomass. 12 Solids and particulate matter such as slag, biochar, and ash are removed from the bottom of the gasifier.
In the absence of a detailed kinetic model for gasification, experimental data on syngas composition from a laboratoryscale gasifier and the principles of mass conservation are used to calculate the gas yield in the process model. 23 A theoretical elemental mass balance calculation was performed to reconcile the gasification yield data collected by Bain. 23 First, the char is varied to control the carbon balance, hydrogen or water is varied to control the hydrogen balance, and finally carbon monoxide or carbon dioxide is varied to control the oxygen balance. This method is used also because low-temperature gasification cannot be modeled using equilibrium assumption. The RYIELD model in Aspen Plus is employed to determine syngas composition. In the model, biochar is also considered in calculating the carbon balance. Hydrogen and water are included in hydrogen balance. Lastly, oxygen balance is determined by also considering carbon monoxide and carbon dioxide, in addition to water. In this study, the biochar and ash are collected using a cyclone separator and sent for combustion to provide part of the heat to regenerate steam for feedstock drying. The resulting syngas has an energy content of 10 MJ/ Nm 3 . 2.5. Syngas Cleaning. Syngas contains pollutants including hydrogen sulfide, acid gases, ammonia, and other contaminants. The cleanup section in the model consists of equipment to remove these contaminants. Fly ash and tar are removed in the form of sludge by direct quenching to prevent downstream plugging. Because of direct water quenching, syngas temperature drops to 40°C. This quenching condenses tar and also helps collect ammonia and ammonium chloride which dissolve in water. Hydrogen sulfide (H 2 S) and carbon dioxide are removed in a monoethanolamine-based acid gas removal system. 24 Hydrogen sulfide and carbon dioxide exiting this unit are 4 ppm and 2%, respectively. The acid gas-rich stream travels to a sulfur recovery system where hydrogen sulfide is converted to solid sulfur via the LO-CAT process. A portion of the carbon dioxide is compressed for use in solid pressurization while the rest is vented.
2.6. Fuel Synthesis. The conversion from syngas to liquid fuel occurs in the fuel synthesis section. The major operations include zinc oxide-activated carbon gas polishing, syngas booster compression, steam methane reforming using superheated steam (800°C) at 1000 tonne/day, water-gas shift, hydrogen separation via pressure swing adsorption, FT synthesis, FT product separation, and unconverted syngas distribution. A portion of the syngas remains unconverted in the fuel synthesis section. To maximize the usage, part of the unconverted syngas is recycled directly back to the FT reactor with another portion going to the acid gas removal system as another recycle stream. The balance of the unconverted syngas is sent to the power generation unit. The overall conversion efficiency of carbon monoxide is approximately 67%. 12 2.7. Hydroprocessing. Due to the FT synthesis, a considerable amount of waxes are formed in the liquid. These waxes are hydrocracked in a hydroprocessing unit. Hydroprocessing requires hydrogen in the process. Hydrogen is obtained from the fuel synthesis section and is recycled within the hyrdoprocessing unit as needed. In the model, 61% diesel fuel and 27% naphtha are obtained from this section. The remaining 12% comprises gaseous hydrocarbons which are used as fuel for the gas turbine for power generation. These liquid fuels are then used as blend stock for gasoline and diesel fuel after proper processing.
2.8. Power Generation. Unconverted syngas from the fuel synthesis section and fuel gas from the hydroprocessing unit are burned in a gas turbine. Much of the exhaust heat is recovered via steam generators, and the steam is sent to the steam turbine where additional power is generated. A portion of the power generated is used in the plant and the remaining is sold. Thus, this biorefinery is self-sustaining, as there is no need to purchase power from outside.
2.9. Air Separation Unit. In this study, 95% pure oxygen is supplied for gasification. An air separation unit (ASU) is used. The unit is based on a two-column cryogenic oxygen/nitrogen separation system. Precooling of air is accomplished by the exchange of heat with the exiting nitrogen from the separation unit. The air separation unit uses power that is generated in the present biorefinery.
2.10. Geothermal Energy Integration. Geothermal energy can be utilized in various ways. In this study, heat is extracted from geothermal fluid at the wellhead through heat exchanging processes and used to generate steam for use in the biorefinery. The term "geothermal steam" will be used in this paper to represent such steam. Assuming the geothermal energy resource is available at the chosen biorefinery site, additional geothermal liquid is extracted for electricity production via ORC. In the original setup of the biorefinery, process steam is used for drying the biomass, gasification, and steam-methane reforming. In the integrated geothermalbiorefinery system, the feasibility of replacing the process steam with geothermal steam is explored. It is found that geothermal steam, further heated by the hot flue gas, can be used successfully to replace the purchased steam for gasification and steam-methane reforming. A preliminary study shows that it is not cost-effective to use the present geothermal steam for biomass drying. 25 To dry the biomass to the desirable moisture level at the current feed rate, 15 000 tonnes of steam is required. 26 Therefore, in this study, the steam for drying is purchased once. During drying, the steam temperature drops from 200°C to 120°C. This steam is then recycled and reheated using energy generated from combustion of biochar and natural gas. This is because the heat required for steam regeneration is more than that provided by biochar combustion. On the other hand, gasification and steam reforming consume steam continuously at 352 and 1000 tonnes/day, respectively. These two streams of steam, a total of approximately 16 kg/s, are replaced by geothermal steam in this study. Additionally, excess geothermal liquid is generated and used to produce electricity as a byproduct of the biorefinery via a binary cycle.
ECONOMIC ANALYSIS
The total capital investment, operating costs, and product values are estimated considering an operating duration of 20 years for the plant. The total equipment costs, the installation costs, and the indirect costs sum to the total capital investment. The total annual operating cost is calculated and a discounted cash-flow rate of return (DCFROR) analysis is developed. The rate of return on investment is fixed at 10%. The product value (PV) (i.e., levelized product cost) per gallon of gasoline equivalent (GGE), based on energy, is determined at a net present value of zero given to this rate of return. All the financial data are reported for the 2012 cost year.
The various equipment employed in the model are sized, and the costs are estimated using data from literature and the Aspen Economic Evaluator, also known as Aspen Icarus. The costs for the gasifier and the FT reactor cannot be evaluated using the Aspen Economic Evaluator due to the lack of data. Therefore, these costs are estimated based on Larson et al. 27 To scale the equipment of different sizes, eq 1 is used by considering the initial equipment cost (Cost 0 ). A scaling factor, n, typically ranging from 0.6 to 0.8, is used. 12 In this study, n is equal to 0.7. 
In the preprocessing and gasification sections, there are several units operating in parallel. Thus, an overall train cost is evaluated using eq 2. 27 Energy & Fuels Here, n is the number of units and m is the train factor, with m = 0.9 due to shared installation materials costs. 25 Using the Aspen Economic Evaluator, the total purchased equipment costs (TPEC) and total installed costs (TIC) are determined. Then, the indirect costs are estimated based on TPEC. Methods to obtain the total capital investment are summarized in Table 1 . Indirect costs (IC) include those for engineering and supervision, construction expenses, and legal and contractor's fees at 32%, 34%, and 23% of TPEC, respectively. 22 The total direct and indirect cost (TDIC) is the sum of total installed cost (TIC) and indirect cost (IC). Project contingency is added as 20% of TDIC. The fixed capital investment (FCI) is the sum of TDIC and project contingency. Total capital investment (TCI) is obtained by adding the working capital (15% of FCI) to FCI, and it represents the overall investment required for each scenario. The equipment installation costs are consistent with the methodology used in Peters et al. 28 The operating costs such as utilities, personnel, feedstock, catalysts, waste disposal, and others are taken into account as well. The variable operating costs are shown in Table 2 . The solid disposal costs consist primarily of the handling and removal of ash. The fixed operating costs include the salaries, benefits, overhead, maintenance, and insurance. For this DCFROR analysis, it is assumed to have full equity financing with a 10% internal rate of return (IRR). The income tax rate is assumed to be 38%. The standard modified accelerated cash recovery system (MACRS) is assumed with the lifetime of the plant being 20 years.
For the analysis, the capital cost is spent over a 2.5 year construction period with 8%, 60% ,and 32% on the first, second, and third year, respectively. 12 The working capital is applied in the previous year before operation, and it is recovered at the end of 20 years.
RESULTS AND DISCUSSION
4.1. Baseline Condition. The total capital investment for the baseline case is approximately $561 million. The cost breakdown and the resulting total capital investment are shown in Tables 3 and 4 , respectively. The installation cost is shown in Figure 3 for each plant area. The fuel synthesis section, power generation unit, syngas cleanup zone, and the gasification section account for the major investment. A breakdown of the major cost categories is shown in Figure 4 .
In addition to the production of transportation fuels, electrical power is generated from the noncondensable gases from the gasification section, part of the flue gas from the combustion section, and part of unconverted syngas. In total, 16 MW of electricity is produced and sold as a byproduct. As a result, the price of fuel is $5.14/GGE. Table 5 shows the power generation and usage for each section.
Based on energy balance, the overall energy efficiency to convert biomass to fuel is 39%. A significant amount of chemical energy is contained in tar and biochar. Biochar from the gasification section is directed to the combustion chamber, and the resulting hot flue gas provides part of the heat required to reheat the steam for drying biomass. Steam and cooling water are required as utilities in various processes in the biorefinery.
4.2. Study 1: Using Geothermal Steam for Gasification and Reforming. In this case study, geothermal steam is used to replace the purchased steam for gasification and steam reforming. Geothermal steam is produced when the geothermal liquid, extracted from production wells at a total flow rate of 105 kg/s and 180°C, passes through a heat exchanger. The temperature of the geothermal steam is 150°C with a flow rate of 16 kg/s to supply gasification and steam-methane reforming at the present plant capacity. Further heating of geothermal steam by the hot flue gas occurs in a downstream heat exchanger to achieve the required temperatures for use as a steam-methane reforming agent. Results of economic analysis are obtained assuming that the cost to produce the geothermal steam is $12/MMBtu. 29 A schematic of the geothermal resource usage is shown in Figure 5 . The geothermal unit is constructed on-site, within the biorefinery facility, to maximize the utilization of the geothermal resources.
Based on the above cost of geothermal steam, an economic study shows that the price of fuel is $5.42/GGE (Table 6) , which is comparable to the baseline case. In the original setup, approximately 100 tonne/day of natural gas is needed to produce the required steam. By using geothermal steam, this natural gas is no longer needed, thus reducing fossil fuel consumption and greenhouse gas emissions significantly. As a result, integrating geothermal energy into the biorefinery is economically feasible and more environmentally sustainable.
A sensitivity study on the price of geothermal energy is conducted as shown in Table 7 . It can be seen that the cost of the product fuel is moderately sensitive to the cost of geothermal steam. This is mainly because the price of steam only constitutes a small percentage of the total operating cost. Therefore, it can be concluded that the use of geothermal energy in a biorefinery is viable.
4.3. Study 2: Using Geothermal Energy for Bioprocessing and Power Generation via the Organic Rankine Cycle. The total amount of geothermal steam required for gasification and steam-methane reforming is 16 kg/s based on the present biorefinery plant capacity. To generate this geothermal steam via heat exchanging as in Study 1 above, 105 kg/s of geothermal liquid supply is required ( Figure 5) .
A suitable way to utilize the excess geothermal energy is to use a flash chamber to separate the geothermal liquid into both steam for bioprocessing and hot liquid to produce electricity via the organic Rankine cycle (ORC). The flash chamber is assumed to be supplied with 204 kg/s geothermal liquid at 180°C and 10 bar which is approximately the capacity of four geothermal wells. Within the flash chamber, the pressure is dropped and a phase change occurs within the working fluid so that geothermal steam and geothermal liquid exit the chamber Figure 6 . The ORC is a proven technology to produce electricity from low-grade energy sources. ORC uses an organic, high molecular weight fluid with a low boiling point to allow the Rankine cycle to recover energy from geothermal heat. The working fluid in ORC plays a key role, as it determines the performance and the economics of the plant. The characteristics and favorable working fluids can be found in literature. 30−33 The energy and exergy analyses based on the first and second laws of thermodynamics are evaluated in this study for the organic working fluid under diverse working conditions. For simplicity, the internal irreversibility and the pressure drops in evaporators, condensers, and pipes are neglected. Steady-state assumptions are used for analysis.
In this study, a stand-alone supercritical ORC model using R134a is first built using Aspen Plus, as shown in Figure 7 . A preliminary parametric study is first conducted to investigate the effects of various operating parameters on the utilization efficiency and help determine the optimal operating conditions. The operating parameters include the mass flow rate of the organic fluid (ṁR 134a ), temperature of the geothermal fluid (T geo,in ), pump inlet pressure (P 1 ), and turbine inlet pressure (P 2 ), as listed in Table 8 . The following assumptions for the ORC model are made. (1) The isentropic efficiency of the turbine is 90%, if no moisture is present at exit. (2) The quality at the turbine exit is kept above 90% to reduce the risk of blade erosion. (3) The pump efficiency is 90%.
The utilization efficiency for ORC is defined as
where ṁis the mass flow rate of geothermal fluid, Ẇn et the net power output, and e the specific exergy, e = h 1 − h 0 − T 0 (s 1 − s 0 ). Here, h 1 is the enthalpy of geothermal liquid at the heat exchanger inlet, h 0 is the enthalpy of geothermal liquid at the ambient condition, T 0 is the ambient temperature (15°C), s 1 is the entropy of geothermal liquid at the inlet, and s 0 is the entropy of geothermal liquid at the ambient conditions. The parametric study is conducted in an iterative manner due to the interdependence of the parameters. Based on the results of the parametric study, baseline conditions for the ORC Figure 5 . Schematic of the geothermal resource usage in the biorefinery and corresponding stream properties. are determined as listed in Table 9 . The geothermal liquid flow rate (189 kg/s) for ORC, together with the required quantity of steam for biorefinery operation (16 kg/s), is approximately equal to the capacity of four wells. As a result, the present ORC plant produces 4.5 MW of power with a utilization efficiency of 43%.
The efficiency of ORC also depends on the ambient temperature and geothermal liquid temperature, representing the local climate and geothermal conditions, respectively. Thus, a sensitivity study is further conducted. Figure 8 shows that the utilization efficiency decreases with the ambient temperature. On the other hand, the thermal efficiency is defined as
where Ẇn et is the net power output and Q̇i n is the net heat input into the system. The baseline thermal efficiency is 13%, and the variation of thermal efficiency with respect to the inlet geothermal temperature is shown in Figure 9 . The above stand-alone ORC model is incorporated into the biorefinery model for integrated technical and economic analysis, i.e., integrating Figure 7 and Figure 2 . The excess power generated is then sold to enhance the profitability of the biorefinery. Costs associated with the ORC plant (e.g., installation, equipment, operation) are also considered in calculating the final fuel price. A sensitivity study is also conducted by varying the price of the geothermal liquid, as shown in Table 10 . Results show that the fuel price is slightly reduced by incorporating the ORC plant.
Overall, the cost of fuels produced utilizing geothermal energy for both bioprocessing and electricity generation ($5.24/GGE) is comparable to the baseline conditions ($5.14/GGE). The major motivation to integrate geothermal energy into the biorefinery is the reduction in greenhouse gas emissions resulting from burning fossil fuels to generate the process steam. With the advancement in the drilling technology, the production cost of geothermal energy can be reduced in the future and thus the use of geothermal energy can become more feasible. This can be further enhanced by appropriate government policies to encourage the use of renewable energy and the reduction of greenhouse gas emissions. It is possible that the refrigerants, if not handled properly, used in the ORC can lead to emissions of greenhouse gases. More comprehensive life-cycle analysis can be conducted in the future study to assess the net effects of geothermal steam on greenhouse gas reduction.
CONCLUSIONS
The technoeconomic analysis of a biorefinery based on biomass gasification is conducted. A number of methods are devised to utilize geothermal energy in the biorefinery. It is found that geothermal energy can potentially be used in a biorefinery for various purposes. In this study, geothermal heat is used to generate steam which in turn replaces the purchased steam for gasification and steam-methane reforming. The resulting fuel price utilizing geothermal energy is slightly higher but still comparable to that of the baseline conditions. Excess, unused geothermal energy can also be used in an organic Rankine cycle to generate electricity to add profits to the biorefinery. Overall, the cost of fuels produced by utilizing geothermal energy ranges from $5.17 to $5.48 per gallon gasoline equivalent compared to $5.14 of the baseline condition. The above costs are based on the 2012 cost year. The major motivation to integrate geothermal energy into a gasification-based biorefinery appears to be the reduction in greenhouse gas emissions resulting from steam production using fossil fuels. The advancement in the drilling technology together with appropriate government incentives can further enhance the feasibility of utilizing geothermal energy for biofuel production.
■ AUTHOR INFORMATION
Corresponding Author *E-mail: kong@iastate.edu. Figure 9 . Thermal efficiency of ORC at various inlet temperatures of geothermal liquid. 
Notes

